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ABSTRACT 
 
The present master’s thesis seeks to develop a better understanding of using vitrified 
lignite bottom ash as a clinker substitute in composite cements. The influence of added 
vitrified bottom ash, as well as its fineness, alkaline solutions and its concentration was 
investigated. In composite cements prepared as specified in DIN EN 197 - 1, the clinker was 
replaced by 30 % of the vitrified bottom ash.  
In particular, the composite cements with vitrified bottom ash of fineness 5549 cm2·g-1 and 
8397 cm2·g-1 were prepared. Furthermore, in order to stimulate the pozzolanic and/or 
geopolymeric reaction of the vitrified bottom ash, alkaline solutions of hydroxides and 
sulphates in two different concentrations were added. Mechanical properties of the prepared 
samples were characterized by mechanical strength testing on prisms with a proportion of 
40×40×160 mm as specified in DIN EN 196 - 1.  
The non-destructive measurement of dynamic E-modulus and destructive testing on 
compressive and flexural strength were conducted. Moreover, particle size distribution and 
chemical analysis of input materials were performed by means of laser granulometry and 
X-ray fluorescence, respectively. The hardened composites were investigated on phase 
composition and microstructure using X-ray diffraction and scanning electron microscopy 
after 2 and 28 days of hydration.  
Finally, the results showed that the mechanical properties are independent on the added 
amount of alkaline concentration or fineness of grounded bottom ash. However, the 
noticeable lower mechanical strengths were observed for samples with hydroxides activation 
likely due to the early silicate hydrogel formation. The strengths for samples with sulphate 
activation did not reach the strength of the reference mortar. 
 
KEY WORDS 
 
CO2 emission, vitrified lignite bottom ash, alkali-activated cements, supplementary 
cementitious materials, compressive strength, dynamic elastic modulus, dilution effect, 
pozzolanic reaction, silicate hydrogel hypothesis 
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ABSTRAKT 
 
Pedložená magisterská práce se zabývá možným použitím vitrifikovaného lignitového 
lóžového popele jako náhrada slinku v kompozitních cementech. Byly zkoumány vlivy 
pidaného vitrifikovaného lóžového popele, jeho jemnosti, alkalických roztok a jejich 
koncentrací. Byly pipraveny kompozitní cementy v souladu s normou DIN EN 197 – 1. 
V tchto cementech bylo nahrazeno 30 % slinku vitrifikovaným lóžovým popelem.  
Konkrétn byly pipraveny kompozitní cementy s vitrifikovaným lóžovým popelem 
o jemnosti 5549 cm2·g-1 a 8397 cm2·g-1. Dále byly pidány alkalické roztoky hydroxid a 
síran vždy o dvou rzných koncentracích, za úelem stimulace pucolánové a/nebo 
geopolymerní reakce. Mechanické vlastnosti pipravených vzork byly charakterizovány 
mechanickým testováním na prizmách s rozmry 40×40×160 mm, jak je specifikováno v 
norm DIN EN 196 – 1.  
Byla provedena nedestruktivní mení dynamického elastického modulu a destruktivní 
testovaní na pevnosti v tlaku a v ohybu. Distribuce velikosti ástic a chemická analýza 
vstupních materiál byla vykonána pomocí laserové granulometrie a rentgenové fluorescence. 
U zatvrdlých kompozit bylo dále zkoumáno po 2 a 28 dnech hydratace fázové složení 
s využitím metody rentgenové difrakce a mikrostruktura s využitím skenovací elektronové 
mikroskopie.  
Výsledky ukázaly, že mechanické vlastnosti jsou nezávislé na množství pidaných alkálií 
stejn jako na jemnosti pidaného vitrifikovaného lóžového popele. Nicmén, znateln nižší 
mechanické pevnosti byly pozorovány pro vzorky, které byly aktivovány hydroxidy, 
pravdpodobn kvli brzké tvorb silikátového hydrogelu. Vzorky aktivované sírany 
nedosáhly pevností jako referenní malta. 
 
KLÍOVÁ SLOVA 
 
CO2 emise, vitrifikovaný lóžový popel, alkalicky aktivované cementy, doplkové 
cementové materiály, pevnost v tlaku, dynamický elastický modul, efekt zední, pucolánová 
reakce, hypotéza silikátového hydrogelu  
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1 INTRODUCTION 
 
In today's world, it is necessary to harmonize seemingly contradictory trends. The first has 
been the increasing production of building materials and the intensive consumption of energy 
for the development of society, especially in China and India (Fig. 1). The second contrary 
trend has been the environmental impact, in particular CO2 emissions, associated with these 
processes that attempt to be mitigated.  
 
Fig. 1: Global cement production up to 2050 [1] 
 
Cement production is known for its contribution to greenhouse gas emissions through CO2 
emissions during the production of clinker, which is in the range of 5 - 7% of the total 
released CO2 worldwide [2]. In global production of cement in 2010, which reached 2.8 
billion tons, about 2.07 billion tons of CO2 were released into the atmosphere [3]. 
The released amount of CO2 emissions depends on the quantity of clinker in cement, energy 
consumption during the manufacturing process and its technology. It is obvious that the total 
growth of CO2 emissions goes hand-in-hand with increasing cement production. 
 
Fig. 2: Estimated global cement production and CO2 emissions  
released from its production [2] 
  Introduction 
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According to Cement Technology Roadmap [1], there are four options to reduce the CO2 
emissions produced per 1 ton of cement, namely energy efficiency, alternative fuels, clinker 
substitution and carbon capture storage (CCS). All four options might be increasingly driven 
by CO2 emission trading [4]. 
On the other hand, the burning of coal at power plants produces ashes (e.g. bottom ashes 
and fly ashes). These ashes are largely stored instead of being used as a secondary material for 
partial replacement of clinker in cement [1]. Primarily in Central Europe (Fig. 3), it is 
produced in quantities of million tons [5]. Most of these quantities are not used, but rather are 
disposed in landfills and take up space that could be used in a better way. 
 
 
Fig. 3: Lignite production, hard coal production and imports in 2012, million tons [5] 
 
Today the suitable and endorsed parts of created fly ashes are used in the concrete industry, 
for instance as clinker substitution in cement, as well as cement substitution in concrete. 
The substantial use of created ash and other by-products such as slag, as a substitute of clinker 
in cement would positively impact both the reduction of the amount on primary raw materials 
for clinker production, associated with the reduction of CO2, and the reuse of secondary raw 
materials which otherwise would be deposited. This synergistic effect shows us one solution 
how to harmonize seemingly different trends, as mentioned in the beginning of the chapter. 
This thesis sets its focus on vitrified bottom ashes. These ashes are commonly used, for 
example, as fundament for road constructions. Potentially, vitrified bottom ash might be 
another clinker substituent and possibly an aid for reducing CO2-emissions. The intention was 
to grind the coarse material in order to start and to intensify a possible pozzolanic reaction. 
  Purpose of the thesis 
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2 PURPOSE OF THE THESIS 
 
This thesis focuses on the use of vitrified bottom ash which is produced during combustion 
of coal with the addition of percentages of lignite coal (in our case of 3 - 10% instead of up to 
30 % due to changes of the charge), in composite cements. Vitrified bottom ash (BA) was 
ground to two different finenesses after half an hour and three hours of grinding, respectively. 
Furthermore, the ground sample was used as 30 % substitute of clinker for cement paste. 
The samples were alkali-activated by KOH, NaOH as well as Na2SO4, K2SO4 each of two 
different concentrations. The intention is to stimulate an alkaline activation of the ground 
bottom ash and to achieve a comparable strength to the reference mortar. 
The thesis will assess the sample workability and mechanical properties, namely 
compressive strength, flexural strength and dynamic E-modulus. The following points will be 
discussed in the thesis. 
 
1) Correlation between compressive strength and dynamic E-modulus. 
2) The behavior of mortar samples prepared without alkali activation compared to 
the reference cement. 
3) Effect of activation via hydroxides and sulphates on mechanical properties. 
4) Effect of fineness on mechanical properties 
5) Effect of concentration of added activators on mechanical properties 
6) Sample workability 
7) Phase composition and microstructure of hardened samples 
 
 
 
Fig. 4: Schematic path of results evaluation
  Theoretical part 
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3 THEORETICAL PART 
 
3.1 Cement 
 
According to DIN EN 197 - 1 [6] cement is a hydraulic binder, i.e. an inorganic, non-
metallic, finely ground substance which, after mixing with water, sets and hardens 
independently as a result of chemical reactions with the mixing water and, after hardening it 
retains its strength and stability even under water. 
The main component of Portland cement is a clinker, which is made from the raw materials 
listed in Table 1. The main raw material is marl with all necessary components in the form of 
substances already in the quarry. The batch should contain about 76 - 78 % CaCO3 to fit 
parameters for suitable clinker, such as the lime saturation factor (LSF), silicate (SM) and 
aluminate module (AM), which are displayed in a ternary diagram (Fig. 5). However, if there 
are not all components in appropriate ratio in the raw material, it is necessary to adapt 
the chemical composition with corrective components, such as limestone (correction CaO), 
fine quartz (SiO2), bauxite (Al2O3) or materials containing iron oxides (Fe ore) [7].  
 
Table 1: Chemical analyses of raw materials and cement raw meal 
 for the production of cement clinker [8] 
 
 
These raw materials are processed from mining over the burning in a rotary kiln, i.e. clinker 
production, up to distribution as shown in all individual steps in Fig. 6.  
 
  Theoretical part 
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Fig. 5: Ternary diagram of clinker with lime saturation factor 
 (KSt), silicate (SM) and alumina modulus (TM) [9] 
 
A rotary kiln is the heart of a cement plant. All reactions occur in the kiln, from 
the decomposition and formation of oxides (this reaction occurs in cyclone preheater) over 
the formation of intermediate products, up to sintering reactions in which the clinker minerals 
are formed either in a solid form (C3S) or in a melting state (C3A, C4AF) at 1450 °C. Finally, 
the clinker is rapidly cooled down while keeping appropriate chemical composition [10]. 
A more detailed description of created main clinker minerals is shown in Table 2. 
 
Fig. 6: General overview of a cement manufacturing process [8] 
  Theoretical part 
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 Table 2: Chemical composition of grey cement [8] 
 
 
3.2 Possible CO2 reduction in cement production 
 
Nowadays, the production of 1 ton of cement releases about 0.75 ton of CO2 into 
the atmosphere, on the average.  
In 2009, the World Business Council for Sustainable Development (WBCSD) in 
cooperation with the International Energy Agency (IEA) published a comprehensive guide 
titled: Cement Technology Roadmap 2009 with the subtitle “Carbon emissions Reductions up 
to 2050“,  in which four means of CO2 emission reductions are discussed, as shown in Fig. 7. 
The model corresponds to a scenario without breakthrough in technology [1]. 
 
Fig. 7: Cement roadmap targets up to 2050 [1] 
  Theoretical part 
 17 
3.2.1 Thermal and electric efficiency 
 
The theoretical demand of thermal energy for clinker formation is about 1.6 to 1.85 GJ/t 
clinker [10]. This heat is needed for chemical and mineralogical reactions (mainly for 
limestone decomposition). This value is purely theoretical and will not be reached, since there 
is an unavoidable loss of heat mainly by waste gas sensible heat, as well as by conduction 
through the surface of kiln and calciner. The amount of a saving potential is from about 0.2 
GJ/t to 3.5 GJ/t, depending on the type of kiln.  Particularly, the consumption for dry 
manufacturing process with preheater and precalciner technology has changed since 1990, 
from 3,605 GJ/t to 3.382 GJ/t in 2006 [1].  
The electrical energy required for one tone of cement is about 110 kWh (global average). 
The main part (38%) is used for clinker grinding [11]. This electrical energy demand has 
already been reduced by technology development over the last few decades and the scenario 
shown in Fig. 8 assumes a further ongoing tendency [1]. 
 
 
Fig. 8: Scenario of reduction of thermal and electrical energy up to 2050 [1] 
 
3.2.2 Alternative fuel  
 
Besides the conventional fuels such as coal and petcoke for the heating of cement kilns, 
the contribution of alternative fuels such as domestic waste, discarded tires and biomass has 
been increasingly growing. Moreover, cement kilns are suitable for the combustion of 
alternative fuels for two reasons: the substitution of fossil fuels, and the integration of 
inorganic components (e.g. ashes) into clinker production [1].  
Nowadays, alternative fuels are applied at the rate of 7% globally, in some European 
countries over 50% and in Maastricht (the Netherlands) even up to 98%. A value of 100% is 
limited by the availability of alternative fuels and by significant differences in the following 
parameters, for example, low caloric value, high moisture content, or high concentration of 
trace substances, compared to conventional fuels [1]. 
Alternative fuels bring not only advantages but also disadvantages, one of which is faster 
deterioration of the refractory lining in the furnace due to more aggressive environment 
compared to fossil fuels; therefore, this refractory lining has a shorter period of application 
[12].  
 
3.2.3 Clinker substitution 
 
Ordinary Portland Cement contains at least 95% of clinker (the balance are a sulphate 
carrier, kiln dust, a limestone filler). For the global market the ratio of clinker to cement is 
78%, which is equivalent to an amount of 500 million tons of the clinker substitution 
  Theoretical part 
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materials used for 2400 million tons of produced cement. This amount of 500 million tons 
was used in the cement groups CEM II - CEM V as specified in DIN EN 197 – 1 [1].  
Fig. 9 shows a possible reduction potential of CO2 emissions by applying supplementary 
cementitious materials.  
 
Fig. 9: Reduction of CO2 per 1 ton cement using a clinker substitute (BA) 
 
3.2.4 Carbon capture and storage (CCS) 
 
CCS is a method to convert CO2 from fossil fuel combustion and limestone calcination 
into a liquid state and transport via pipelines to permanent storage in deep underground (in 
about 800 m depth). There are two promising technologies, namely Post-combustion and 
Oxyfuel technology [13]. Up to now, the technologies have never been used in practice. From 
a technical perspective of the high investment costs (100 – 300 million Euros), the technology 
should not appear before 2020 [1]. 
Fig. 10 shows indicators for the expected CO2 emissions up to 2050 and it is evident that it 
is possible to significantly reduce CO2 emissions for one ton cement. The main part of 
the CO2 emissions of the clinker production is released during the calcination of limestone 
that might be reduced by the CCS technology.  
 
 
Fig. 10: Indicators for expected CO2 reduction [1] 
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Another option could be an alternative raw material to limestone. However, this alternative 
is very unlikely due to the lack of suitable Ca-rich compounds in nature that are bound 
in other compounds than carbonates. In conclusion, it could become necessary to apply all 
technologies named before together. 
 
3.3 Coal 
 
Coal is a fossil fuel formed in swamps, where the dead vegetation was protected by water 
or mud before biodegradation and oxidation. Conversion degree of dead vegetation on coal 
runs across the stage peat to anthracite (Table 3); in conversion, temperature, pressure and 
time play a decisive role [14]. Further, coal is mainly composed of carbon, hydrogen, oxygen, 
nitrogen and varying amounts of sulfur. 
 
Table 3: Coal classification [15] 
 
 
Moreover, coal is basically a large accumulator of radiant heat and solar energy, which has 
been received by the earth throughout its long history. Part of this energy is stored in the form 
of oil, natural gas and coal; this stored energy is released back during the combustion process 
[16]. 
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3.4 Types of ash 
 
Thermal plants use the burning of coals for energy production. Coal is burnt either by Dry 
Bottom Boiler Technology at 1200 – 1700 °C (Fig. 11) or through Fluidized Bed Combustion 
Technology at 850 °C [17]. Main products of these processes are bottom ash, fly ash and fuel 
gas desulphurization (FGD) gypsum. 
 
 
 
Fig. 11: Dry bottom boiler technology [18] 
 
3.4.1 Fly ash 
 
Fly ash, according to DIN EN 206 - 1, is obtained by electrostatic or mechanical 
precipitation of dust particles from the exhaust gases from furnaces as shown in Fig. 11. 
It may only be used for cement production if it comes from a furnace fired with pulverized 
coal, i.e., pulverized anthracite, bituminous or lignite. The fly ash is classified into two 
groups, namely a siliceous fly ash (V) and a calcareous fly ash (W).  
The siliceous fly ash consists predominantly of spherical and glassy particles, which have 
pozzolanic properties. It must contain less than 5 % by mass of reactive CaO and at least 
25 % by mass of reactive SiO2 [10].  
The calcareous fly ash is a fine powder with hydraulic and/or pozzolanic properties. 
The content of reactive CaO must not be less than 5 % by mass. Calcareous fly ash, 
containing between 5 and 15 % by mass of reactive CaO, must contain more than 25 % by 
mass of reactive SiO2 [10]. The fly ash composition of European lignite coals including CaO 
is shown in Fig. 12 [19]. The diagram does not take into account CaSO4 and alkali. 
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Fig. 12: Fly ash composition of European lignite coals [19] 
 
3.4.2 Bottom ash  
 
Bottom ash (Fig. 13) is a product of hard and/or lignite coal combustion. The combustion 
takes place in a chamber melting furnace at temperatures approximately 1500 °C; due to 
the high combustion temperatures, liquid ash is produced. The liquid ash is either slowly 
cooled down or cooled down very fast by granulating with a water bath. The shock-cooled, 
granulated product is called vitrified bottom ash. 
Contrary to the fly ash, bottom ash is not allowed in any standard as a clinker substitute 
in composite cements due to higher content of certain chemical substances. Specifically, there 
is the content of free lime and its volume instability, high amount of sulfur contained 
in anhydrite, heavy metals and changes in chemical composition [17]. 
 
Fig. 13: Vitrified bottom ash [20] 
 
A typical chemical composition is shown in Table 4. 
 
Table 4: Vitrified bottom ash (from company BauMineral) 
Mass.-% 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 Other 
45-55
 
24-31 3-10 2-6,5 1,1-3 3–5 0,4-1,5 0,3-0,7 0,9-1,2 3,0-3,5 
 
The vitrified bottom ash has found its application potential in building materials industry, 
earthworks and road, mining and recycling in landfills. The application in building industry is, 
for instance, as a supplement for concrete and concrete products. In the thesis, the vitrified 
bottom ash was used as a supplementary material [20]. 
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3.5 Supplementary cementitious materials 
 
Supplementary cementitious materials are generally by-products from other processes or 
natural materials [21]. In addition to the above-mentioned fly ash and bottom ash, there are 
other supplementary cementitious materials, including ground granulated blast furnace slag, 
silica fume and pozzolans. Their chemical compositions are shown in ternary phase diagram 
in Fig. 14 [22].  
 
Fig. 14: Hydraulic and pozzolanic materials in the RANKIN-diagram [22] 
 
Pozzolan is silica or aluminosilicate material that itself has little or no hydraulic properties, 
but in the presence of water at normal ambient temperature reacts with dissolved calcium 
hydroxide, and forms calcium silicate hydrates, and a portion of it even hardens latent 
hydraulically. Reactive silicon dioxide in pozzolans, which is present either as free SiO2 or 
combined in aluminosilicates, is therefore essential for the pozzolanic hardening [10].  
The pozzolans are devided into two groups, natural pozzolanas and industrial pozzolanas. 
Natural pozzolanas are usually materials of volcanic origin or sedimentary rock of suitable 
chemical and mineralogical composition. Further, industrial pozzolanas can be thermally 
treated and activated clays and shales, and air-cooled slags from the extraction of lead, copper 
or zinc, provided they contain sufficient concentrations of reactive SiO2 [10].  
Granulated blastfurnace slag is a granulated, rapidly cooled, and therefore predominantly 
glassy, basic blastfurnace slag. It is a latent hydraulic substance as it reacts only slowly with 
water, but when mixed with activators, such as cement clinker, it reacts and harden relatively 
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rapidly with formation of calcium silicate hydrates. It must consist of at least two-thirds by 
mass of glassy slag and at least two-thirds of CaO, MgO and SiO2 [10].  
Silica fume consists of very fine spherical particles with a content of amorphous silicon 
dioxide SiO2 at 85 % by mass. Silica fume is a by-product from production of silicon and 
silicon compounds in an electric furnace [23].  
 
3.6 Alkali-activated cements 
 
The earliest groundwork in the field of alkali-activated were undertaken by Feret (1939) 
[24], Purdon (1940) [25], and Glukhovsky (1959) [26]. Later in 1979, Davidovits developed 
and patented alkaline cements in which sintering products of kaolinite and limestone or 
dolomite were used as the aluminosilicate constituent. These materials were called 
“Geopolymers” [27], [28]. Since that time, the pace of research in alkaline-activated cements 
has sped up. Several factors are responsible for this acceleration: the first includes advance 
in substantial knowledge of properties and mechanisms, and the second, a good track record 
of field performance in various applications; next, the fact that the material (by-product) is 
environmentally friendly in comparison to Ordinary Portland Cement [28].  
Alkali-activated cements are the amorphous to crystalline products resulting from 
the synthesis of alkaline aluminosilicate with an alkali activator. Formed alkali activated 
composites and gels are commonly also referred as geopolymer, inorganic polymer concrete, 
alkali-activated cement or geocement; the differences in terminology are shown in  
Fig. 51. It should be noted that the term geopolymer is only a special case of alkali 
activation –the activation of metakaolin where Al is in tetragonal coordination [31].  
Alkali-activated binders can provide similar characteristics to traditional cement binders 
in many applications (Table 5), with the added bonus of a significant reduction in CO2 
emissions and raw materials. 
 
Table 5: Application of alkali-activated cements [28] 
 
 
Exposing aluminosilicate materials such as fly ash or slag to high alkaline environment 
(KOH, NaOH, water glass, K2SO4, Na2SO4) leads to the formation of 3-dimensinal structures 
of alkali-activated material (zeolitic presursor) with the formula [29] shown in Equation 1 and 
a general structure that is illustrated in  Fig. 15. 
 
 OHwO]Al)O(Si[M 2nz2n ⋅−−−−  (1) 
 
where,  
M is the alkali element 
z is 1, 2, 3 or >>3 
n is the degree of polycondensation 
w is the fixed water in the matrix  
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Fig. 15: Geopolymer structure [30] 
 
The development of alkali-activated cements proceeds over a series of several reactions 
(Fig. 16) from the initial activation of pozzolan due to alkaline solutions, over dissolution and 
precipitation, up to the development of the microstructure. The resulting alkali-activated 
cement is affected by many factors such as fineness and chemical composition of activated 
materials, amount and type of an activator, pH, temperature, etc. [31]. 
 
 
 
Fig. 16: Descriptive model for alkali activation of aluminosilicates [32] 
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3.7 Description of methods 
 
Below described methods were used for an analysis of the input raw materials as well as 
hardened composite cements. Firstly, input materials were analyzed for chemical 
composition, phase composition and particle size distribution; in the case of bottom ash, 
the samples were ground before analysis. Further, scanning electron microscopy was used 
additionally for hardened cement pastes. Finally, the hardened samples were tested 
on dynamic E- modulus as a non-destructive and compressive and flexural strength as 
destructive methods. 
 
3.7.1 Comminution 
 
Vitrified bottom ash was milled by an eccentric vibrating mill ESM 656-0.5ks [33]. 
The milling lasted for 30 minutes and 3 hours, respectively. The principle of bottom ash 
comminution is the catering movement of iron spheres with diameter of 30 mm over bottom 
ash particles.   
 
 
Fig. 17: Comminution equipment [33] 
1 - grinding tube, 2 - exciter unit, 3 - balance mass , 4 - grinding media charge (80%), 5 - bearing block, 
6 - unbalance mass, 7 - driving motor 8 - propeller shaft 
 
3.7.2 Particle size distribution 
 
The laser granulometer LS 230 from the company Coulter with He-Ne-laser (wavelength 
of 632.8 nm) was employed for determination of the particle size distribution of the powder 
samples. Detection capability of the device for particles is within the range from 0.04 µm 
to 2000 µm [11]. Before measurement, samples were dispersed in ethanol and inserted 
in ultrasound to achieve deagglomeration. Each sample was measured three times, and from 
these measurements a mean value was calculated. The measurement lasted about 90 seconds. 
Laser diffraction on particles is an ensemble method, i.e. a large number of particles are 
illuminated at the same time and the diffraction image is captured by the photodetector. 
The resulting image is a superposition of interference images of individual particles. 
The concentration of either powder or slurry must be low enough to avoid overlapping of 
particles and to prevent the multiple scattering. On the other hand, the concentration should be 
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high enough to achieve an acceptable signal to noise ratio. The set up for generation of 
diffraction patterns is shown in Fig. 18 [34]. 
 
 
 
Fig. 18: Set up for generation of diffraction patterns [10] 
 
The principle is based on the diffraction angle of the laser beam on the particles, which are 
dispersed or dry in the measuring zone (in a cuvette). Large particles cause a diffraction of 
the laser beam at a small angle with high intensity of incidence on the detector. On the 
contrary, small particles cause a diffraction of the laser beam under a large angle with low 
intensity of incidence on the detector. Measured values of diffraction angle of the laser beam 
and its intensity are used to calculate (according to the Frauenhofer theory of diffraction) 
the size distribution with a wide range of evaluation (differential and integral distribution 
function, D50, composition of the particles in any size intervals, etc.). 
 
3.7.3 Specific surface area (Blaine method) 
 
Determination of the specific surface was performed as specified in DIN EN 196 - 6 [35] 
with a Blaine device. The specific surface (mass related surface) serves as description for 
fineness of grinding of dry materials. Specifically in the current thesis, the Blaine fineness 
was measured for cement, bottom ash and their mixtures. Every sample was measured three 
times and the mean value and the standard deviation were calculated. 
The determination of the Blaine fineness is based on measuring of time that is needed for 
flowing of a certain amount of air through a compacted bed of a given size and porosity. 
The relation between measured time and specific surface is described by the following 
equation [36]. 
 
524,2 K
m
tS
ρ
⋅ ⋅
=  (2) 
where 
Sm = specific surface area of the material in [cm2·g-1]  
K = the instrument constant (K = 2.0674) [-] 
t = time for amount of air to flow through [s] 
 = density [g·cm-3] 
 
A typical value of specific surface area for cement is in the range 350 - 500 m2·kg-1 
The method is a comparative method, and therefore it is necessary to calibrate the device by 
a reference material with a known surface area. 
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3.7.4 Element analysis (XRF) 
 
X-ray fluorescence analysis was performed on the device S4 Pioneer from the company 
Fa. Bruker AXS GmbH, where samples in the form of compressed tablets were measured.  
XRF method is used for the qualitative and quantitative elemental analysis of elements. 
The method is designed to measure the solid powder or compact samples to determine 
the elements in the range of Al - U in air within a ppm quantity. When vacuum is applied, 
the determination range expands down to Be. The use of this method is universal, from 
metallurgy and engineering, through medicine to environmental control [37]. 
The principle of the method is the interaction of emitted X-rays by the X-ray tube with 
the sample. This interaction leads to ejection of the electron from inner orbital to upper orbital 
of tested compound. Subsequently, the electron moves from the higher energy to the lower 
energy level and emits a secondary X-ray, which is representative of all the elements 
in the periodic table of elements. The detector detects this characteristic radiation for each 
element and its quantity is calculated from the intensity of the peak by software. The principle 
of XRF and the measuring arrangement is shown in Fig. 19 [38]. 
 
 
 
Fig. 19: The Principle of XRF and the typical XRF detection arrangement [38] 
 
3.7.5 Phase analysis (XRD) 
 
X-ray diffraction analysis of hardened samples after 2 and 28 days was performed on 
a diffractometer Siemens D 5000 Kristalloflex with radiation source of Cu-K, equipped with 
a Sol-X detector (Bruker-AXS) and a scintillation counter (Siemens) with secondary 
monochromator. Measurements were performed on samples in the form of compressed 
powder tablets. The Rietveld´s method is commonly used for quantity determination but 
in the current thesis a quantity analysis was not performed [39]. 
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X-ray diffraction analysis (XRD) is a method used to identify crystalline compounds and 
their phases. Determination can be difficult in some cases, when materials are not solely 
composed of crystalline component.  
X-ray diffraction analysis is based on the combination of two principles, namely 
the crystallographic arrangement substances and X-rays interaction with particles forming 
the crystal lattice of substances. The crystal diffraction occurs only in case that the Bragg´s 
condition is fulfilled. 
 
 n ·  = 2dhkl · sin  (3) 
 
where,  
 - wavelength of X-rays [m] 
n – integer [-] 
dhkl - distance between two adjacent planes in the crystal [m] 
 - angle X-ray diffraction [°] 
 
3.7.6 Dynamic elastic modulus (laser vibrometry) 
 
The non-destructive measurements of dynamic modulus of elasticity were carried out 
on laser vibrometer from the company Polytec, where laser radiation was energized by means 
of actuators and the detection of laser radiation was determined optically through the laser 
vibrometer. 
A scheme of the device is shown in Fig. 20. A reflective film in the form of alumina strips 
was attached for optimum backward radiation on the front side of the sample. Subsequently 
the sample was placed on test site and the measurement was performed at a vibration 
frequency from 0 to 100 kHz. The results were processed and evaluated by its own software. 
 
 
 
Fig. 20: Test set-up for the laser vibrometer  
(the illustration shows a prism without gauging pins) [40] 
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E-modulus is a fundamental mechanical quantity that characterizes the stiffness of 
the material. The material with higher elastic modulus shows greater resistance to 
deformation, i.e., E-modulus is the constant of proportionality between normal stress and 
elongation. One can distinguish between a static and a dynamic modulus. First, the static 
elastic modulus is determined by Hook's law in a destructive testing [23]. 
 
 Eσ ε= ⋅  (4) 
 
where, 
 = normal stress [Pa] 
E = elastic modulus [Pa] 
 = elongation [-] 
 
 The testing of dynamic elastic modulus is a non-destructive testing. This method is 
suitable due to the possibility to repeat measurements of the same samples at later ages and 
saving materials. 
The method has its application for determining of degradation of the concrete. If concrete 
degrades e.g. flaws, cracks, then the resonance frequency will decrease. Typical values for 
dynamic modulus of elasticity are in the range from 14 GPa for low quality concrete at early 
ages up to 48 GPa for high-quality concrete at later ages [41]. 
The natural frequency of vibration is a dynamic property of an elastic system and is 
primarily related to the dynamic modulus of elasticity and density in the case of a vibrating 
beam; therefore, the natural frequency of vibration of a beam can be used to determine its 
dynamic modulus of elasticity [41]. The dynamic elastic modulus of a mortar prism can be 
calculated from the basic longitudinal frequency of vibrations that pass through the axis of 
the test piece, the length of the test piece and the density as follows: 
 
 
2 2
dyn DE = 4l f ρ⋅ ⋅  (5) 
 
where,  
Edyn = dynamic elastic modulus [Pa] 
l = test piece length [m] 
 = density [kg·m-3] 
fD= resonance frequency [s-1] 
 
In the current thesis the dynamic elastic modulus was measured. 
 
3.7.7 Compressive and flexural strength  
 
The determination of both the compressive strength and the flexural strength of hardened 
composite cement mortars were carried out after 2, 7, 28, 56(91) days of hydration on norm 
prisms (40x40x160 mm) as specified in DIN EN 196 - 1 [42]. Test devices are shown in 
Fig. 21 and Fig. 22. 
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Fig. 21: Compressive strength test 
 
 
Fig. 22: Flexural strength test 
 
3.7.8 Scanning electron microscopy (SEM) 
 
The microscopic analysis of hardened samples was carried out on scanning electron 
microscope from the company FEI Helious Nanolab 600, after 2 and 28 days. The method 
SEM is used for observation of the surfaces of objects, with lateral resolution up to nanoscale, 
including elemental analysis of objects.  
When a beam of primary electrons (PE) under accelerated voltage 5-15 keV strikes a bulk 
solid, the electrons are either reflected or absorbed, producing various signals (Fig. 23) [41]. 
In the study, images were gained by detection of secondary electrons by means of 
an energy-dispersive detector (EDX). 
 
 
 
Fig. 23: Different interactions of an electron beam (PE) with a solid target.  
BSE = backscattered electron, SE = secondary electron, X = x-ray, AE = auger electron [41] 
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4 EXPERIMENTAL PART 
 
Samples for mechanical testing and chemical analysis were prepared as specified 
on the block diagram in  
Fig. 24. One can distinguish two paths on the diagram. Both of them start from raw 
materials. The first path leads to the reference mortar where all together 5 samples for 
particular testing days were prepared. The second path goes to the composite mortars 
(90 samples). Composite mortars were prepared with bottom ash which was ground either 
3 hours (fine) or 30 minutes (coarse). Moreover, the composite mortars were differentiated 
according to activated solutions, namely, only water (5 coarse and 5 fine samples), with 
hydroxides (20 + 20 samples) and with sulphates (20 + 20 samples).  
 
CEM I 52 5 R
Bottom ash fine
.
 (BAf)
Only water
0.6 M NaOH 0.3 M Na SO2 4
0.6 M Na SO2 4
0.3 M K SO2 4
0.6 M K SO2 4
Strength test of the mortar samples and E- odulus determinationm
(EN DIN 196-1)
Results analysis
With hydroxides With sulphates
1.2 M NaOH
0.6 M KOH
1.2 M KOH
CEM I 52 5 R
Bottom ash coarse
.
 
( c)BA
Raw materials
Alkaline 
solutions
Vitrified 
bottom ash
Cement 
CEM I 52.5 R
CEN 
Normsand
Destilled 
water
Grinding
30 min =coarse=c
3 hours=fine=f
utes
 
Replacing of 30% cement by 
bottom ash and homogenization 
Reference mortar Composite mortar (30% Bottom ash)
Fine (f) 
3 hours grinding
Coarse (c) 
30 minutes grinding
Workability 
test
 
 
Fig. 24: Laboratory workflow 
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4.1 Raw materials 
 
The raw materials, as well as its place of origin, used for the preparation of mortar prisms 
are presented in Table 6. 
 
Table 6: Raw materials used 
Raw material Origin 
Cement CEM I 52.5 R PUR 5 Holcim AG Hanover 
Vitrified lignite bottom ash Germany 
CEN Normsand NORMENSAND GmbH 
Destilled water Institute for Non-Metallic materials 
NaOH (>99 %) Roth GmbH 
KOH (>85 %) Roth GmbH 
Na2SO4 (>99 %) Roth GmbH 
K2SO4 (>99 %) Roth GmbH 
 
Samples of the vitrified bottom ash (BA) were collected directly in a power plant 
in Germany. These samples were dried at 40°C for three days. Afterwards, bottom ash was 
ground by an eccentric vibrating mill for 30 minutes and 3 hours, respectively. The intention 
of grinding the bottom ash for three hours was to get a mechanical activation of the bottom 
ash, and an alkali-activation would possibly not be required. 
 
4.2 Analysis of the raw materials 
 
Bottom ash, cement and CEN - Normensand were analyzed on particle size distribution. 
Moreover, the chemical analysis was performed for bottom ash. 
 
4.2.1 Particle size distribution 
 
The particle size distribution of the raw materials and their mixtures were measured 
by laser granulometry. Density distribution, as well as its cumulative distribution, is shown 
graphically in Fig. 25 and Fig. 26. 
The order from the finest material to the coarsest is as follows: cement, pure bottom ash 
fine, pure bottom ash coarse and CEN – Normensand on the coarsest side. The examined 
samples of cement and bottom ash are in sizes range from 0.06 m to 120 m. The maximum 
peaks for differential volume of cement and coarse bottom ash occur close to 15 m. 
The maximum peak for fine bottom ash is shifted to the finer areas due to grinding time. 
Mixtures of cement with bottom ash show the distribution according to the mixing ratio. 
Furthermore, grinding time of bottom ash had a major influence on particle size distribution 
only in the central region of the particle size (0.5 m to 80 m). Yet, the minimum grain size 
as well as the maximum grain size was not affected by grinding time.  
CEN - Normensand shows two significant peaks, one for 250 m and 1000 m, 
respectively. The particle size distribution of CEN - Normensand is situated in the coarsest 
region, and hence the norm sand is suitable for optimal granulometry of mortar. 
 
  Experimental part 
 33 
0.01 0.1 1 10 100 1000 10000
0
10
20
30
40
50
60
70
80
90
100
 
 
In
te
gr
al 
vo
lu
m
e
 
[%
]
Particle diameter [µm]
 CEM I 52.5 R
 Bottom ash_fine
 Bottom ash_coarse
 CEM I 52.5 R_Bottom ash fine
 CEM I 52.5 R_Bottom ash coarse
 CEN Normsand
 
 
Fig. 25: Integral curve for raw materials 
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Fig. 26: Differential curve for raw materials 
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4.2.2 Chemical composition (XRF) 
 
Bottom ash was shock-cooled down and that led to the composition with amorphous phase 
content of over 99% by mass. The chemical composition consists of SiO2, Al2O3, Fe2O3 and 
CaO as a major part. The minor oxides are MgO, K2O, Na2O, P2O5 and TiO2. The content 
is balanced to sum of 100% by trace elements such as Mn, Cr.  
 
Table 7: Chemical composition of vitrified bottom ash 
Mass.-% 
SiO2 Al2O3 Fe2O3 CaO K2O P2O5 MgO Na2O TiO2 Other Sum 
47.5 28.7 7.0 5.9 3.51 2.21 1.48 1.33 1.28 1.09 100 
 
The vitrified bottom ash is displayed in a ternary diagram Fig. 27. Only major oxides were 
taken into account and summed to 100% (52.4 % SiO2, 39.4 % Al2O3 + Fe2O3, 
8.2 % CaO + MgO).  
 
 
Al2O3 + Fe2O3
SiO2
CaO + MgO
Vitrified bottom ash from combustion
of hard coal and lignite (up to 10%)
Vitrified bottom ash from
combustion of hard coal
Metakaolin
Clinker
Slag
Calculated chemical composition
of the prepared composite cements
 
Fig. 27: Bottom ash displayed in ternary diagram 
 
4.2.3 Specific surface area 
 
Blaine finenesses were determined for cement, bottom ash of different fineness and their 
mixtures, as shown in Table 8. 
Table 8: Blaine fineness 
Blaine specific surface [cm2·g-1] 
REF (CEM I 52.5 R) BAf BAc REF_BAf REF_BAc 
5327 8397 5549 6396 5243 
 
The fineness of materials is in order from pure cement over coarse bottom ash, mixtures 
of bottom ash with cement, up to fine bottom ash. BAc and CEM I 52.5 R obtained likewise 
  Experimental part 
 35 
fineness due to the grinding process, in particular 5327 cm2·g-1 for cement and 5549 cm2·g-1 
for BAc. A longer grinding time (3 hours), with the intention of mechano-chemical activation, 
increased a specific surface area of BAf about 2850 cm2·g-1 in comparison with CEM I 52.5 R 
and BAc. The mixtures of BAf with CEM I 52.5 R is located between the corresponding pure 
substances. Its value is in accordance with mixtures ratio (30 % BA + 70 % cement) with 
a standard deviation of 2.3 %.On the contrary, for REF_BAc the accordance with mixtures 
ratio did not fit well, probably due to a measurement error. The device is calibrated 
to particles of spherical shape and not all particles have a spherical shape.  
 
4.3 Mixture proportion 
 
The cement paste production was carried out in a laboratory mixer. The samples were 
prepared as specified in DIN EN 196-1 [42] with a water/cement w/c = 0.5; the mixture 
proportions for mortar specimens are summarized in Table 9.  
Sodium and potassium hydroxides and sulfates were pre-dissolved in water, and thus 
the alkaline solutions of 0.3, 0.6 and 1.2 molar concentrations were prepared as shown in 
Table 9. These solutions were added directly during the mortar mixing process.  
 
Table 9: Mix proportions of mortar 
Mixture 
designation 
w/c 
ratio 
Mortar composition (g) Added 
Na2O 
Equiv. 
[%] 
Cement 
Norm 
sand 
Bottom ash 
Water NaOH KOH Na2SO4 K2SO4 Fine Coarse 
CEM I 52.5 R 0.5 450 1350 - - 225 - - - - - 
CEM I 52.5 R 
Bottom ash_f 
0.5 315 1350 135 - 225 - - - - - 
CEM I 52.5 R 
Bottom ash_c 
0.5 315 1350 - 135 225 - - - - - 
0.6 M NaOH_f 0.5 315 1350 135 - 225 5.4 - - - 0.93 
0.6 M NaOH_c 0.5 315 1350 - 135 225 5.4 - - - 0.93 
1.2 M NaOH_f 0.5 315 1350 135 - 225 10.8 - - - 1.86 
1.2 M NaOH_c 0.5 315 1350 - 135 225 10.8 - - - 1.86 
0.6 M KOH_f 0.5 315 1350 135 - 225 - 7.57 - - 0.93 
0.6 M KOH_c 0.5 315 1350 - 135 225 - 7.57 - - 0.93 
1.2 M KOH_f 0.5 315 1350 135 - 225 - 15.15 - - 1.86 
1.2 M KOH_c 0.5 315 1350 - 135 225 - 15.15 - - 1.86 
0.3 M Na2SO4_f 0.5 315 1350 135 - 225 - - 9.59 - 0.93 
0.3 M Na2SO4_c 0.5 315 1350 - 135 225 - - 9.59 - 0.93 
0.6 M Na2SO4_f 0.5 315 1350 135 - 225 - - 19.18 - 1.86 
0.6 M Na2SO4_c 0.5 315 1350 - 135 225 - - 19.18 - 1.86 
0.3 M K2SO4_f 0.5 315 1350 135 - 225 - - - 11.76 0.93 
0.3 M K2SO4_c 0.5 315 1350 - 135 225 - - - 11.76 0.93 
0.6 M K2SO4_f 0.5 315 1350 135 - 225 - - - 23.52 1.86 
0.6 M K2SO4_c 0.5 315 1350 - 135 225 - - - 23.52 1.86 
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Na2O–equivalent (Na2Oeq.) is a characteristic parameter used in the cement industry 
to express the amount of alkali in cement, i.e. Na2Oeq. is the mass percentage of Na2O that 
would produces the same amount of moles of alkali as the sum of Na2O and K2O mass 
present in cement [43, 43]. In order to calculate Na2Oeq. from K2O the following equation is 
used (0.658 is the ratio of molar masses Na2O/ K2O). 
 
 OK658.0ONaONa 22.2 +=eq  (6) 
 
In the current thesis alkalis were added in the form of NaOH, KOH and Na2SO4, K2SO4 
(Table 9), respectively. The molar concentration of these chemicals was converted into 
the Na2Oeq. according to the Table 10. 
 
Table 10: Conversion of the molar concentration to Na2Oeq. 
Alkaline 
solution 
Molar 
mass 
[g/mol] 
Mass in 
solution 
[g] 
Solid 
mass 
to/cement 
[-] 
Chemical 
equation for 
calculation 
Molar mass ration [-] 
Added 
Na2Oeq. 
[-] 
Added 
Na2Oeq. 
[%] 
0.6 M 
NaOH 
39.997 
5.4 0.0120 
Na2O + H2O 
 2 NaOH 
775.0
M(NaOH)2
O)M(Na 2
=
⋅
 
0.0093 0.93 
1.2 M 
NaOH 
10.8 0.0240 0.0186 1.86 
0.6 M 
KOH 
56.106 
7.57 0.0168 
K2O + H2O 
 2 KOH 
839.0
M(KOH)2
O)M(K 2
=
⋅
 
0.0093 0.93 
1.2 M 
KOH 
15.15 0.0337 0.0186 1.86 
0.3 M 
Na2SO4 142.042 
9.59 0.0213 
Na2O + SO3 
  Na2SO4 
436.0)SOM(Na
O)M(Na
42
2
=
 
0.0093 0.93 
0.6 M 
Na2SO4 
19.18 0.0426 0.0186 1.86 
0.3 M 
K2SO4 174.259 
11.76 0.0261 
K2O + SO3 
  K2SO4 
541.0)SOM(K
O)M(K
42
2
=  
0.0093 0.93 
0.6 M 
K2SO4 
23.52 0.0523 0.0186 1.86 
Note: M (Na2O) = 61.979 g/mol, M (K2O) = 94.916 g/mol  
 
An example for 0.6 M NaOH 
 %93.02.1
997.392
979.61(mass.%)NaOH
M(NaOH)2
O)M(Na(mass.%)ONa 2eq.2 =⋅
⋅
=⋅
⋅
=  (7) 
 
An example for 0.6 M KOH 
 
%93.0 1.420.658OK658.0ONaONa
%42.168.1
106.562
916.94(mass.%)KOH
M(KOH)2
O)M(K(mass.%)OK
22.2
2
eq.2
=⋅=+=
=⋅
⋅
=⋅
⋅
=
eq
 (8) 
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In other words, the solutions with 0.93 and 1.86 mass.% Na2Oeq. related to cement were 
prepared from four chemical compounds. 
The overall Na2Oeq. would be equal to the sum of alkali included in cement, bottom ash and 
the additional added alkali from salts. In the current thesis the Na2Oeq. is meant as 
the equivalent only from added salts. 
Further, the workability test was performed immediately after preparation of the mixture. 
The workability tests were performed three times for each series and with these three 
measured values, the mean value and the standard deviation were calculated. Results of 
the workability test are shown in Fig. 30 (with BAf and KOH activation), Fig. 28 (with BA 
and without alkali-activation) and Fig. 29. The reference sample CEM I 52.5 R reached the 
slump length about 16.1 ± 0.3 cm, i.e. it had the best workability.  
 
 
 
Fig. 28: 0.6 M KOH_f 
 
 
 
Fig. 29: CEM I 52.5 R_Bottom ash fine 
 
 
CE
M 
I 5
2.5
 
R_
BA
0.6
 
M 
Na
OH
1.2
 
M 
Na
OH
0.6
 
M 
KO
H
1.2
 
M 
KO
H
0.3
 
M 
Na
2S
O4
0.6
 
M 
Na
2S
O4
0.3
 
M 
K2
SO
4
0.6
 
M 
K2
SO
4
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
 
 
 Fine
 Coarse
Sl
u
m
p 
flo
w
 
[cm
]
 
Fig. 30: Workability test of prepared mortar samples 
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4.4 Testing procedure and specimen preparation 
 
Mortar prisms (40x40x160 mm) were demould 24 hours after casting, and immersed 
in water at 20 ± 1 °C; those containers were stored in a climatic chamber at 20 ± 1 °C and 
at a relative humidity of 65 ± 2 % up to the test date. At first, a non-destructive measurement 
(E-modulus) on three individual prisms (Fig. 31) was conducted at every test date. 
Subsequently, the flexural strength of the prism samples was tested. At each data set, 
the mean value and the standard deviation were calculated, respectively. The non-destructive 
test was performed at age of 1, 2, 7, 14, 21, 28, 56 and 91 days. The destructive test was 
conducted at 2, 7, 28, 56 and 91 days. The testing at age 91 days was done only for 
non-activated samples.  
 
 
 
Fig. 31: Mortar samples used for testing  
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5 RESULTS AND DISCUSSION 
 
Measured mortar prisms with 30% substitution of vitrified bottom ash were evaluated 
on mechanical properties, in particular dynamic E-modulus, flexural strength and compressive 
strength. 
First of all, the correlation between compressive strength and dynamic E-modulus was 
assessed. Next, the samples without alkali activation were evaluated on mechanical properties 
after 2, 7, 28, 56 and 91 days of hydration. Then, the comparison of mechanical properties for 
all samples after 2 and 28 days were analyzed. These results were evaluated in two subgroups, 
namely the hydroxide group and the sulphate group, for which the results are discussed 
in detail. Further, the effect of the grinding time and concentration of the added activator was 
assessed. In conclusion, the workability of mortar pastes and the phase analyses of hardened 
samples after 2 and 28 days were evaluated.  
The evaluated parameters of the measured samples will be discussed in the sub-chapters 
as specified in Table 11. 
 
Table 11: Evaluated parameters of the measured samples 
 
 
5.1 Correlation between compressive strength and dynamic E-modulus 
 
Compressive strength and dynamic E-modulus are dependent variables with an empirical 
correlation. The correlation between dynamic E-modulus and compressive strength should 
have an exponential trend as specified in Equation 9 [44] with unknown a, b and n, which are 
determined by fitting of measured values. However, in our case, the dependency is not 
exponential but rather linear (Fig. 32). For the reason that not even the linear correlation has 
sufficient reliability and many points lie outside of the linear fitting, the values determined by 
E-modulus measurement serve only as an indicative parameter. All measured values as well 
as some graphical dependencies for dynamic E-modulus are shown in the Appendix. 
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n
dynE = a (b )σ⋅ ⋅  (9) 
 
Fig. 32 shows dynamic E-modulus plotted against compressive strength. One can see that, 
with hydration time, the dynamic E-modulus and compressive strength increase but it does 
obey neither an exponential nor a linear dependency. Moreover, few points are located far 
away from the fitting line, these points (marked by dashed rectangle) stand for 
CEM I 52.5 R_BA after 28 and 56 days of hydration. One cannot rely on measured 
dyn. E-modulus data which are likely somehow to be influenced by added alkaline. In further 
evaluations, the emphasis will be placed on destructive testing methods, especially 
the compressive strength that is a crucial parameter for hardened concrete.  
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Fig. 32: Correlation between dyn. E-modulus and compressive strength 
 
5.2 Mechanical properties of samples without alkali activation 
 
a) Flexural strength 
The flexural strength values are located in the range from 5.5 MPa to 9.5 MPa (Fig. 33). 
At early days up to 28 days, values are approximately equal, i.e. they are in the area of 
standard deviation. After 28 days, the reference sample gained an additional strength; 
however, the samples with 30% substitution of BA fell slightly down and remained at those 
values for later ages. 
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Fig. 33: Flexural strength for cement and its mixtures with BA without alkali activation 
 
b) Flexural strength related to CEM I 52.5 R 
Fig. 34 shows the same data set of the flexural strength for samples without alkali 
activation. The difference with the previous one is that the graph is plotted in percent and 
includes two parallel lines to the x axis. The black line stands for reference strength and 
the red dashed line stands for 70% of reference strength (calculated dilution strength). One 
can see that all measured values are situated either slightly over the reference sample at early 
ages or in the strip between 70 and 100% at later ages. 
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Fig. 34: Illustration of the flexural strength values 
 in percent related to the reference sample (100%) 
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c) Compressive strength 
Fig. 35 shows a progress of the compressive strength after 2, 7, 28, 56 and 91 days. 
CEM I 52.5 R had a normal strength development; it hydrated very fast and yielded strength 
of about 48 MPa after 2 days. On the contrary, the samples with bottom ash initially reacted 
slowly (after 2 and 7 days). However, the strength is comparable to the CEM I 52.5 R after 
28 days. From 28 to 91 days the strength dependency shows two patterns, the first is 
an increasing strength for CEM I 52.5 R and BAf (CEM I 52.5 R_fine bottom ash) due 
to continuing hydration for CEM I 52.5 R and pozzolanic reaction in case of BAf. The second 
pattern is followed by BAc where the pozzolanic reactivity is apparently hindered and even 
after 56 days the strength decreased for unknown reason.  
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Fig. 35: Compressive strength for cement  
and its mixtures with BA without alkali activation 
 
d) Compressive strength related to CEM I 52.5 R 
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Fig. 36: Illustration of the compressive strength values 
 in percent related to the reference sample 
  Results and discussion 
 43 
Fig. 36 shows once more the compressive strength for samples without activation. One can 
distinguish that BA after 2 days reached only 60% strength of the reference sample. Further, 
after 7 days, values for BA are situated on the red dash line. At later ages, all measured values 
are in a strip between the reference mortar and its dilution, with one exception for BAf which 
even overtook the reference sample, i.e. the pozzolanic reaction ran faster for the finer 
sample. 
 
5.3 Mechanical properties for all samples 
 
In the following diagrams mechanical properties are shown of all hardened samples after 
2 (full points) and 28 days (half-full points) for both the fine (in dark green color) and coarse 
(violet) samples. Besides these samples, the graphs also show the reference sample (in black). 
 
a) Flexural strength 
Fig. 37 shows the flexural strength plotted against measured samples. The samples after 
2 days were in line with deviation about 1.5 MPa, the only exception was 0.6 M Na2SO4 with 
an obviously higher value. After 28 days, a higher flexural strength of about 11 MPa was 
repeatedly measured for 0.6 M Na2SO4. The explanation of the higher flexural strength could 
be the boosted formation of ettringite. Its needle-shaped crystals could make the specimen 
stronger against bending load. The other activated samples were always above the reference 
sample and REF_BA. Flexural strength for REF_BA is also reflected in the dynamic 
E-modulus, i.e. it might indicate a good method of correlation. 
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Fig. 37: Flexural strength after 2 and 28 days for all measured samples 
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b) Compressive strength 
Fig. 38 shows, undoubtedly, that all compressive strengths for hydroxides as well as for 
sulphates were below the strength of REF (CEM I 52.5 R). One can see that activation with 
sulphates showed far better compressive strengths than activation with hydroxides. Further, 
the strength between 2 and 28 days increased about 20 MPa for REF and about 30 MPa for 
REF_BA.  
Moreover, each dark-green and violet dash lines are the mean values of four samples for 
a specific day and fineness. It means, for instance, the violet line located at 24 MPa is the 
mean value for 0.6, 1.2 M NaOH and 0.6, 1.2 M KOH. The dash lines are meant to be for 
comparison as to whether the fineness plays any role. Finally, an important finding is that 
in case of alkali activation with sulphates the highest strength class of CEM I 52.5 R as 
specified in DIN EN 197-1 was still met. However, the strength class for samples without 
activation and with hydroxides activation was changed, the strength class 52.5 R converted to 
52.5 N due to lower strength after 2 days. (The strength class 52.5 R must fulfill a minimum 
strength of 30 MPa after 2 days and 52.5 MPa after 28 days, respectively).  
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Fig. 38: Compressive strength after 2 and 28 days for all measured samples 
 
c) Compressive strength related to CEM I 52.5 R 
Fig. 39 shows once more the compressive strength for all samples after 2 and 28 days. 
From the figure, it might be presumed that the alkali activation did not contribute to strength 
augmentation, neither for sulphates nor for hydroxides. The opposite was true for hydroxides; 
for some undetectable reason the strength development was stopped and the long-term 
strength remained behind the strength for samples without activation. The reason might be 
disruption of the hydration process and pozzolanic reaction due to higher alkaline contents 
and a possible formation of the phase without the contribution to strength instead of expected 
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CSH phase, i.e. hydration did not take place as expected and the strength was far below 
70% of the reference sample (calculated dilution effect). The possible hypothesis might be 
a formation of the silicate hydrogel between cement- and sand-grains. The silicate hydrogel 
(liquid in comparison with solid CSH-gel) could work as a lubricant, i.e. the hydrogel does 
not contribute to the strength of the composite mortar under a compressive load. This 
hydrogel is the weakest link in the chain during destructive tests and it led to significantly 
lower strength than expected. The silicate hydrogel hypothesis was introduced by Wassing 
[45] in the study about ground granulated furnace slag.  
The contribution to the strength for samples with sulphate activation was not that bad 
as for hydroxide activation. Nevertheless, the strength only slightly overtook the REF_BA. 
It means that sulphates did not interfere into the strength development, neither did 
it significantly contribute to the strength. In other words, the hydration proceeds in normal 
(dilution line) way but any other reaction, geopolymeric or intensive pozzolanic - probably 
did not occur. 
Another point worth mentioning was the role of fineness on the strength for activated 
samples. After 2 days there were not distinct differences. Yet, after 28 days the coarse 
samples show a higher strength of about 4 MPa, on average. The possible explanation might 
be a negative influence on hydration by time for samples with fine bottom ash, either as 
a result of the silicate hydrogel for hydroxides or a bad reactivity in case of sulphates. 
Another explanation might be worse sample workability for finer samples and hence worse 
space filling (higher pore volume) and from it resulting lower strengths.  
The influence of fineness and concentration on mechanical properties will be discussed 
in detail in Chapter 5.4 and Chapter 5.5, respectively. 
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Fig. 39: Illustration of the compressive strength for all samples after 2 and 28 days  
in percent related to the reference sample 
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5.3.1 For hydroxides 
 
Fig. 57 shows the dependency on compressive strength for hydroxide-activation and its 
evolution with time. All samples with hydroxide-activation, independent of concentration or 
type of hydroxides, show worse compressive strength than REF_BA. The activated samples 
with addition of coarse bottom ash had higher compressive strength than the samples with 
fine bottom ash, after 28 and 56 days. However, the non-activated samples exhibit better 
compressive strength for fine bottom ash.  
The addition of fine bottom ash did not bring any extra strength formation because of 
a possible change in hydration chemistry through the addition of hydroxides. Fineness seems 
not to have a major influence on activated samples 
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Fig. 40: Compressive strength for hydroxides 
 
5.3.2 For sulphates 
 
Fig. 41 shows that sulphate activation promoted the compressive strength in early days, but 
later, after 28 and 56 days, the growth slowed down. Nonetheless, the sulphate activation 
yields strength comparable with REF_BAf and in all cases better than for REF_BAc after 
56 days.  Moreover, sulphates accelerated the initial strength due to higher pH, but the 
geopolymeric reaction presumably did not come in existence (proved in an additional test).  
The mechanical strength of the samples could be influenced by workability of the samples, 
especially for 0.6 M K2SO4, where occurred a false stiffening that led to a poor compaction of 
the sample and a little bit lower strength in comparison with the other samples activated 
by sulphates.  
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5.4 Effect of fineness on mechanical properties 
 
a) Flexural strength 
Fig. 42 compares the effect of fineness on the flexural strength. The increased fineness did 
not bring any effect on flexural strength. The explanation might be the similar granulometry 
of fine and coarse bottom ashes.  
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Fig. 41: Compressive strength for sulphates 
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Fig. 42: Flexural strength fine vs. coarse samples 
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b) Compressive strength 
Fig. 43 compares the effect of fineness on compressive strength. The fineness had 
no significant influence on compressive strength. However, it seems to be a tendency that, 
after 7 days, the finer samples evinced better compressive strength (dash blue line). On the 
contrary, after 28 and 56 days (dash orange line) the coarse samples tend to be better than fine 
ones. A possible explanation might be that after 7 days of hydration the fine bottom ash works 
as filler. Yet later, after 28 days, the negative influence of alkali could be higher for the finer 
bottom ash, and that could lead to worse compressive strengths. In other words, the finer 
harms more than the coarse bottom ash due to a negative influence of alkaline solutions. 
 One exception was the sample without alkali activation CEM I 52.5 R_BA. The fine 
samples were better after 28 and 56 days due to pozzolanic reaction, as it is shown in a red 
dashed rectangle in Fig. 43.  
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Fig. 43: Compressive strength fine vs. coarse samples 
 
5.5 Effect of concentration of added activator 
 
Fig. 44 shows the dependency of activator concentration after 28 days of hydration; 
the concentration is expressed as Na2Oeq. The higher Na2O equivalent is plotted against lower 
Na2O equivalent. The figure clearly shows that the higher added concentration negatively 
influenced the compressive strength for all samples with exception of Na2SO4_c. The reason 
of this dependency for hydroxides might be the silicate hydrogel formation which seems to be 
accelerated by a higher alkaline concentration. The reason for sulphates could be 
the suppression of pozzolanic reaction because of high amount of sulphates. Moreover, 
the differences in concentration did not play the decisive role on strength. 
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Fig. 44: Effect of concentration on compressive strength 
 
5.6 Sample workability 
 
Fig. 45 shows the influence of grinding on sample workability. The workability test did not 
show any distinctive variation between fine and coarse ground samples.   
 
10 11 12 13 14 15 16
10
11
12
13
14
15
16
 BA
 0.6 M NaOH
 1.2 M NaOH
 0.6 M KOH
 1.2 M KOH
 0.3 M Na2 SO4
 0.6 M Na2 SO4
 0.3 M K2SO4
 0.6 M K2SO4
 
 
Sl
u
m
p 
flo
w
_
co
ar
se
 
[cm
]
Slump flow_fine [cm] 
 
 
Fig. 45: Comparison of sample workability, 
for sample ground 3 hours (fine) and 30 minutes (coarse) 
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The samples with hydroxide activation had a poor workability with the slump length only 
up to 12.5 cm. It was caused by faster reactivity of hydroxides, which serves as a catalyst in 
cement hydration. In contrast, the samples with sulphate activation had a very good 
workability in case of Na2SO4 and fairly good for 0.3 M K2SO4. However, the samples with 
0.6 M K2SO4 demonstrated the worst workability of all samples. The reason for the bad 
workability was false hardening during the process of sample preparation as a result of early 
syngenite formation. 
Fig. 46 shows the dependency of workability on compressive strength after 7 days. 
A tendency can be assumed that the samples with a better workability could reach a higher 
initial strength. However, the workability is not the primary factor, which has an influence 
on compressive strength.  
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Fig. 46: Workability vs. compressive strength after 7 days 
 
5.7 Phase composition and microstructure of hardened samples 
 
XRD analysis was performed for the coarse sample after 2 and 28 days of hydration. 
The following statements can be said from the diagrams. 
 
• XRD diagrams show only well-known phases of clinker and hydration products 
• Quantitative or semi-quantitative evaluation is impossible due to unsystematic dilution 
by quartz 
• None of specific hydration products assignable to bottom ash could be detected 
• Ettringite formation seems to be boosted by high KOH, K2SO4 and Na2SO4 addition 
 
SEM analysis was performed for the samples after 2 and 28 days of hydration. None of 
specific hydration product of bottom ash could be detected. Two images are shown in Fig. 47 
and Fig. 48, as an example 
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.  
 
 
Fig. 47: Sample with 0.6 M K2SO4_f after 2 days of hydration 
 
 
Fig. 48: Sample with 0.6 M K2SO4_f after 28 days of hydration 
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6 SUMMARY 
 
The current thesis dealt with the possible use of vitrified lignite bottom ash in composite 
cements. In composite cements, 30% of clinker was replaced by vitrified bottom ash, 
an industrial by-product, with the aim to reach comparable mechanical properties with 
an additional benefit of CO2 reduction of cement due to CO2-free bottom ash.  In order 
to achieve comparable mechanical properties, the alkaline solutions as activators were added, 
namely KOH, NaOH, Na2SO4 and K2SO4 in concentration of 0.93 mass.-% Na2O and 
1.86 mass.-% Na2O equivalent related to cement mass.  
Initially, all prepared samples were tested on dynamic E-modulus and then on mechanical 
strength after 2, 7, 28 and 56 (91) days as specified in DIN EN 196 - 1. These two measured 
variables, compressive strength and dyn. E-modulus, should follow an empirical exponential 
dependency. However, the obtained results did not confirm an exponential or any other 
relation; therefore, the outcomes of dynamic E-modulus were taken only as additional results. 
The main emphasis was put on compressive and partially flexural strengths.  
 
The questions asked within the scope of purpose of the current thesis can be answered as 
follows: 
 
1) Compressive strength and dynamic E-modulus did not show any reliable correlation and, 
therefore the possible savings in material due to non-destructive testing cannot be applied. 
In other words, one cannot rely only on dynamic E-modulus measurements. 
 
2) Mortars prepared without alkali activation showed lower strength compared to 
the reference cement, with one exception for BAf after 91 days. Furthermore, at early ages 
the strength development for BA laid below the dilution line, but at later ages, because of 
the pozzolanic reaction, the strength augmentation increased. This trend at later ages did not 
apply for BAc. 
 
3) It was assumed that alkali activation could bring additional strengths formation for the sake 
of intensive pozzolanic reaction or geopolymeric reaction. This assumption was only partially 
fulfilled for samples with sulphates activation, where the hydration process was not disrupted. 
However, the pozzolanic reaction for these samples occurred only in a small degree. 
On the contrary, the samples with hydroxides activation did perform far behind the exception 
by the possible cause of the silicate hydrogel formation.  
 
4) The effect of fineness did not bring any significant differences. The reason might be 
the similar particle size distribution of fine and coarse bottom ash.  
 
5) The effect of concentration was not evident. The results worth mentioning are that for 
sulphates the higher concentration brought higher strength due to intensive pozzolanic 
reaction. The higher concentration of hydroxides promoted likewise the silicate hydrogel 
formation and, from that, resulting in lower strength.  
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6) Sample workability was less dependent on fineness of samples than on chemical reasons. 
The workability was in a wide range from 10.5 cm for 0.6 M K2SO4 up to 16.1 cm for 
CEM I 52.5 R. In conclusion, the workability had a certain influence on compaction and thus 
the space filling, i.e. the amount of pores. The slightly better workability seems to be 
the reason for a little better mechanical strength in case of samples with coarse ground bottom 
ash at later ages.  
 
7) Phase composition and microstructure of hardened samples show only well-known phases 
of clinker and hydration products. None of specific hydration products of bottom ash could be 
detected by XRD and SEM.  
 
Some of above-described results are shown once more in graphical representation in Fig. 
49. The straight lines represent the reactions that took place, i.e. hydration, dotted lines stand 
for reaction which partially took place and finally, the geopolymeric reaction did not occur. 
The geopolymeric reaction did not take place and it was proven by additional tests. The test 
consists of a mixture of pure fine bottom ash with excess of prescribed alkalis. Specifically, 
50 g of BA with 100 cm3 of alkaline solutions was prepared and tested. No strength of 
the mixtures was observed; therefore, one can deduce that the geopolymeric reactions did not 
occur. Non-reactivity was presumably due to the low amount of alkali. Conventional alkali 
activated cements are activated by high alkali amount (around 10 M NaOH). In contrast, our 
samples were activated at considerably lower concentration (1.2 M NaOH). 
 
 
 
Fig. 49: Chemical reactions linked to strength development, 
 compressive strength after 28 days  
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Based on the gained results, one can pronounce that the vitrified lignite bottom ash is 
suitable for clinker substitution. However, in many instances, less is more. It is exactly true 
for mechanical strengths of alkaline activated samples as well as for grinding time. 
Particularly, the best seems to be the solution with grounded samples to the fineness of 
cement, and without or only little alkalis. Sulphate activation might be suitable for samples, 
in which the early strength is needed. 
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7 OUTLOOK 
 
In the current thesis the vitrified bottom ash was investigated in terms of examination of 
possible usage in composite cements. The thesis laid the groundwork which is necessary to 
build on future research. Some future research could include the following points: 
 
1) An optimization of the replaced amount, from 5% up to 100% of BA 
 
 
 
Fig. 50: Change in strength class with the amount of replacement 
 
2) Optimization of added alkali (high versus small quantity)  
3) Detailed observations of the influence of hydroxides, the silicate hydrogel formation 
4) Adding other supplementary materials in combination with BA such as slag and its 
testing  
5) Determination of needed w/c for a good workability 
6) Optimization of fineness for optimal granulometry and water demand  
7) Possible mechano-chemical activation of supplementary cementitious materials and its 
feasibility 
 
It is essential to keep in mind that all by-products show a different chemical composition over 
time due to varied production conditions. Another point is the conservativeness of the cement 
industry to accept new products, and therefore extensive research is expected before the by-
product can be applied in industrial scale.  
The focus of interest could be set on a connection and a synergic effect between two 
“worlds”: the world of geopolymers, where high amount of alkalis and only by-products are 
applied and, on the other hand, the world of composite cement where significantly lower 
alkalis as well as by-products are needed. The studies about by-products application own a 
great potential and should attract the attention of researchers.  
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9 APPENDIX 
 
 
 
Fig. 51: Terminology for alkali-activated materials [46] 
 
A) Dynamic E-modulus for all samples 
 
 Only water 
 CEM I 52.5 R CEM I 52.5 R Bottom ash fine 
CEM I 52.5 R 
Bottom ash coarse 
Time [d] E – Modulus ± SD [GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
1 31.82 ± 1.19 25.51 ± 0.34 28.09 ± 0.69 
2 36.43 ± 0.82 30.14 ± 0.72 32.87 ± 0.56 
7 41.20 ± 0.27 33.46 ± 0.23 35.48 ± 0.66 
14 42.73 ± 0.52 34.57 ± 0.71 36.80 ± 0.12 
21 43.01 ± 0.52 35.40 ± 0.66 37.27 ± 0.16 
28 43.66 ± 0.78 36.87 ± 0.43 37.20 ± 0.07 
56 44.27 ± 1.22 39.64 ± 0.27 37.07 ± 0.58 
91 44.03 ± 0.69 42.09 ± 0.37 38.37 ± 0.28 
 
 With hydroxides_NaOH 
 0.6 M NaOH_f 0.6 M NaOH_c 1.2 M NaOH_f 1.2 M NaOH_c 
Time [d] E – Modulus ± SD [GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
1 29.91 ± 0.07 30.27 ± 0.30 29.70 ± 0.08 29.80 ± 0.14 
2 33.37 ± 0.15 33.50 ± 0.14 33.07 ± 0.46 33.47 ± 0.23 
7 36.25 ± 0.75 37.07 ± 0.22 36.72 ± 0.45 36.85 ± 0.19 
14 36.69 ± 0.29 39.25 ± 0.22 36.62 ± 0.23 38.91 ± 0.52 
21 37.35 ± 0.22 39.48 ± 0.18 37.04 ± 0.40 39.50 ± 0.53 
28 38.79 ± 0.56 40.27 ± 0.60 37.79 ± 0.26 39.65 ± 0.07 
56 39.92 ± 0.54 41.02 ± 0.16 38.91 ± 0.22 40.69 ± 0.45 
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 With hydroxides_KOH 
 0.6 M KOH_f 0.6 M KOH_c 1.2 M KOH_f 1.2 M KOH_c 
Time [d] E – Modulus ± SD [GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
1 29.70 ± 0.08 30.00 ± 0.43 29.42 ± 0.55 30.17 ± 0.64 
2 32.19 ± 0.27 33.74 ± 0.40 32.51 ± 0.56 33.49 ± 0.23 
7 35.85 ± 0.35 37.12 ± 0.29 35.03 ± 0.34 37.03 ± 0.43 
14 36.31 ± 0.41 39.16 ± 0.30 35.95 ± 0.58 39.08 ± 0.40 
21 36.75 ± 0.34 39.65 ± 0.11 36.33 ± 0.67 39.79 ± 0.87 
28 37.46 ± 0.36 39.57 ± 0.59 37.83 ± 0.30 39.37 ± 0.21 
56 37.90 ± 0.24 40.42 ± 0.47 38.89 ± 0.32 40.10 ± 0.35 
 
 With sulphates_Na2SO4 
 0.3 M Na2SO4_f 0.3 M Na2SO4_c 0.6 M Na2SO4_f 0.6 M Na2SO4_c 
Time [d] E – Modulus ± SD [GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
1 33.65 ± 0.03 34.63 ± 0.35 35.87 ± 0.31 34.44 ± 0.29 
2 36.52 ± 0.11 36.98 ± 0.52 38.30 ± 0.15 39.02 ± 0.58 
7 38.87 ± 0.81 40.65 ± 0.46 40.27 ± 0.40 41.77 ± 0.59 
14 39.50 ± 0.08 41.78 ± 0.28 41.22 ± 0.59 42.79 ± 0.62 
21 39.69 ± 0.12 42.20 ± 0.40 41.36 ± 0.31 43.34 ± 0.50 
28 41.15 ± 0.41 42.51 ± 0.12 42.40 ± 0.22 43.69 ± 0.28 
56 42.65 ± 0.45 43.38 ± 0.26 42.92 ± 0.51 44.19 ± 0.46 
 
 With sulphates_K2SO4 
 0.3 M K2SO4_f 0.3 M K2SO4_c 0.6 M K2SO4_f 0.6 M K2SO4_c 
Time [d] E – Modulus ± SD [GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
E – Modulus ± SD 
[GPa] 
1 32.61 ± 0.13 33.82 ± 0.35 34.94 ± 0.09 35.50 ± 0.24 
2 35.22 ± 0.14 37.17 ± 0.35 37.94 ± 1.02 37.66 ± 0.30 
7 38.11 ± 0.17 40.23 ± 0.44 39.69 ± 0.34 40.90 ± 0.73 
14 38.78 ± 0.25 41.13 ± 0.34 39.58 ± 0.32 43.02 ± 0.04 
21 39.17 ± 0.42 41.56 ± 0.39 40.26 ± 0.53 43.64 ± 0.60 
28 40.50 ± 0.52 43.06 ± 0.28 41.07 ± 0.45 43.68 ± 0.58 
56 42.22 ± 0.03 43.72 ± 0.30 43.05 ± 0.18 44.67 ± 0.28 
SD = Standard deviation 
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B) Compressive strength for all samples 
 
 Only water 
 CEM 52.5 R CEM 52.5 R Bottom ash fine 
CEM 52.5 R 
Bottom ash coarse 
Time [d] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
2 48.70 ± 0.82 29.67 ± 0.49 29.95 ± 2.08 
7 61.63 ± 1.59 46.35 ± 0.80 42.48 ± 1.96 
28 67.70 ± 1.94 62.56 ± 2.07 60.18 ± 1.23 
56 72.35 ± 1.92 66.58 ± 1.77 58.02 ± 1.86 
91 72.81 ± 2.08 75.87 ± 2.70 62.72 ± 2.66 
 
 With hydroxides_NaOH 
 0.6 M NaOH_f 0.6 M NaOH_c 1.2 M NaOH_f 1.2 M NaOH_c 
Time [d] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
2 26.35 ± 0.88 25.90 ± 0.68 24.48 ± 0.94 21.72 ± 0.26 
7 38.92 ± 0.59 35.18 ± 0.88 41.13 ± 0.73 34.93 ± 1.08 
28 48.88 ± 1.06 51.77 ± 0.83 46.76 ± 1.98 50.95 ± 1.15 
56 52.23 ± 0.58 55.16 ± 1.29 48.42 ± 1.65 51.83 ± 1.46 
 
 With hydroxides_KOH 
 0.6 M KOH_f 0.6 M KOH_c 1.2 M KOH_f 1.2 M KOH_c 
Time [d] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
2 24.50 ± 0.97 26.65 ± 0.58 25.50 ± 0.77 21.42 ± 1.33 
7 42.28 ± 0.68 37.48 ± 0.88 38.70 ± 1.29 36.05 ± 2.68 
28 49.98 ± 1.29 53.14 ± 1.99 44.34 ± 1.09 48.68 ± 1.57 
56 53.23 ± 0.23 55.02 ± 2.31 50.00 ± 1.86 50.97 ± 1.46 
 
 With sulphates_Na2SO4 
 0.3 M Na2SO4_f 0.3 M Na2SO4_c 0.6 M Na2SO4_f 0.6 M Na2SO4_c 
Time [d] 
Compressive  
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
2 33.93 ± 1.14 35.15 ± 1.20 39.32 ± 0.54 36.85 ± 1.84 
7 48.24 ± 2.65 48.25 ± 1.25 53.32 ± 2.97 51.95 ± 2.55 
28 64.22 ± 1.50 64.08 ± 1.47 60.90 ± 1.41 65.84 ± 2.34 
56 64.15 ± 2.28 66.60 ± 2.11 62.02 ± 1.39 65.60 ± 1.60 
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 With sulphates_K2SO4 
 0.3 M K2SO4_f 0.3 M K2SO4_c 0.6 M K2SO4_f 0.6 M K2SO4_c 
Time [d] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
Compressive 
strength ± SD 
[MPa] 
2 32.58 ± 2.79 32.63 ± 1.18 35.12 ± 1.88 33.42 ± 2.36 
7 52.65 ± 0.54 48.95 ± 1.35 50.53 ± 1.59 48.62 ± 1.19 
28 59.85 ± 2.10 62.58 ± 2.91 56.68 ± 1.53 62.30 ± 1.15 
56 64.08 ± 2.77 64.53 ± 2.25 61.03 ± 1.87 64.38 ± 2.00 
 
C) Flexural strength for all samples 
 
 Only water 
 CEM 52.5 R CEM 52.5 R Bottom ash fine 
CEM 52.5 R 
Bottom ash coarse 
Time [d] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
2 6.55 ± 0.88 6.04 ± 0.32 6.98 ± 0.43 
7 7.28 ± 0.08 7.84 ± 0.25 7.48 ± 0.83 
28 8.18 ± 0.41 7.48 ± 0.65 7.55 ± 0.52 
56 9.26 ± 0.25 7.00 ± 0.17 6.70 ± 0.87 
91 8.93 ± 0.46 7.54 ± 0.08 7.02 ± 0.13 
 
 With hydroxides_NaOH 
 0.6 M NaOH_f 0.6 M NaOH_c 1.2 M NaOH_f 1.2 M NaOH_c 
Time [d] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
2 6.63 ± 0.23 5.67 ± 0.25 6.28 ± 0.28 6.50 ± 0.40 
7 7.88 ± 0.19 8.07 ± 0.23 9.43 ± 0.36 7.99 ± 0.48 
28 8.95 ± 0.68 8.38 ± 0.34 9.60 ± 0.69 9.63 ± 0.52 
56 9.27 ± 0.93 8.95 ± 0.18 9.99 ± 0.37 9.64 ± 0.29 
 
 With hydroxides_KOH 
 0.6 M KOH_f 0.6 M KOH_c 1.2 M KOH_f 1.2 M KOH_c 
Time [d] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
2 5.92 ± 0.39 5.69 ± 0.51 6.21 ± 0.40 6.62 ± 0.16 
7 7.72 ± 0.33 7.48 ± 0.52 8.27 ± 0.28 7.70 ± 0.46 
28 8.56 ± 0.50 8.40 ± 0.23 8.30 ± 0.15 8.51 ± 0.26 
56 9.29 ± 0.72 8.78 ± 0.08 8.68 ± 0.43 9.37 ± 0.36 
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 With sulphates_Na2SO4 
 0.3 M Na2SO4_f 0.3 M Na2SO4_c 0.6 M Na2SO4_f 0.6 M Na2SO4_c 
Time [d] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
2 6.46 ± 0.15 6.78 ± 0.62 6.98 ± 0.26 9.00 ± 0.70 
7 8.52 ± 0.18 7.59 ± 0.48 9.40 ± 0.56 9.19 ± 0.63 
28 9.98 ± 0.10 9.53 ± 0.32 10.98 ± 1.09 10.71 ± 1.34 
56 9.48 ± 0.51 9.81 ± 0.10 10.93 ± 0.20 11.03 ± 0.40 
 
 With sulphates_K2SO4 
 0.3 M K2SO4_f 0.3 M K2SO4_c 0.6 M K2SO4_f 0.6 M K2SO4_c 
Time [d] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
Flexural 
strength ± SD 
[MPa] 
2 5.82 ± 0.51 7.00 ± 0.36 6.55 ± 0.31 7.29 ± 0.45 
7 7.32 ± 0.40 7.63 ± 0.36 7.70 ± 0.43 8.08 ± 0.54 
28 9.52 ± 0.19 8.92 ± 0.23 9.33 ± 0.95 9.33 ± 0.40 
56 9.12 ± 0.58 9.48 ± 0.54 10.18 ± 0.73 9.95 ± 0.75 
 
 
D) Measurements of dynamic E-modulus 
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Fig. 52: Dynamic E-modulus for cement 
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Fig. 53: Dynamic E-modulus after 2 and 28 days for all measured samples 
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Fig. 54: Dynamic E-modulus for hydroxides after 2, 7, 28 and 56 days 
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Fig. 55: Dynamic E-modulus for sulphates after 2, 7, 28 and 56 days 
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Fig. 56: Dyn.E-modulus fine vs. coarse samples 
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E) Flexural strength 
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Fig. 57: Flexural strength for hydroxides 
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Fig. 58: Flexural strength for sulphates 
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10 LIST OF ABBREVIATIONS  
 
OPC  Ordinary Portland Cement 
C3S  3 CaO·SiO2 
C4AF  4CaO·AlnFe2-nO3 
C3A   3CaO·Al2O3 
BA  Bottom ash 
WBCSD   World Business Council for Sustainable Development 
IEA   International Energy Agency 
REF   CEM I 52.5 R 
REF_BA  70 % CEM I 52.5 R + 30 % bottom ash 
BAf  fine vitrified bottom ash (3 hours ground) 
BAc   coarse vitrified bottom ash (30 minutes ground) 
f   fine 
c   coarse 
w/c  water to cement ratio 
 
